Omics technologies have had a tremendous impact on underinvestigated genera of plant disease biocontrol agents such as Lysobacter. Strong evidence of the association between Lysobacter spp. and the rhizosphere has been obtained through culture-independent methods, which has also contributed towards highlighting the relationship between Lysobacter abundance and soil suppressiveness. It is conceivable that the role played by Lysobacter spp. in soil suppressiveness is related to their ability to produce an impressive array of lytic enzymes and antibiotics. Indeed, genomics has revealed that biocontrol Lysobacter strains share a vast number of genes involved in antagonism activities, and the molecular pathways underlying how Lysobacter spp. interact with the environment and other micro-organisms have been depicted through transcriptomic analysis. Furthermore, omics technologies shed light on the regulatory pathways governing cell motility and the biosynthesis of antibiotics. Overall, the results achieved so far through omics technologies confirm that the genus Lysobacter is a valuable source of novel biocontrol agents, paving the way for studies aimed at making their application in field conditions more reliable.
Introduction
In the past, only a few genera in the Xanthomonadaceae family have attracted the attention of the researchers, in particular, the pathogenic genera Stenotrophomonas (human pathogens) and Xanthomonas or Xylella (plant pathogens) (Monteiro-Vitorello et al. 2005; Brooke 2012 ). In contrast, genera encompassing bacteria with potential industrial/agronomic applications have largely been underinvestigated. This applies particularly to members of the genus Lysobacter, which were wrongly grouped with Myxobacteriales for an extended period of time, due to their gliding motility and micropredatory behaviour (Reichenbach 2006) . The establishment of the genus Lysobacter was proposed in the late 1970s and it initially included four species: L. antibioticus, L. brunescens, L. enzymogenes and L. gummosus (Christensen and Cook 1978) . The numbers of proposed Lysobacter species increased progressively, and at present 40 species (Fig. 1) are included in the genus Lysobacter (http://www.bacterio. net), such as the recently described L. hankyongensis and L. sediminicola (Siddiqi and Im 2016) . Phylogenetic analysis of 16S rRNA genes made it possible to assign biocontrol Stenotrophomonas spp. strains correctly to the genus Lysobacter Islam et al. 2005) . More recently, a bacterial strain formerly assigned to the genus Pseudomonas was moved into the genus Lysobacter (Miess et al. 2016) .
Lysobacter members are aerobic, nonfruiting and rodshaped, with high G+C content (65-72 mol%) and ubiquinone Q-8 as the major respiratory quinone. Their colonies appear smooth, mucoid and creamy, with colours ranging from pink to yellow-brownish (Christensen and Cook 1978; Reichenbach 2006) . A common trait shared by most of the Lysobacter species is the lack of flagella and the ability to move through gliding (Siddiqi Lysobacter Figure 1 Phylogenetic tree resulting from analysis of the 16S rRNA gene sequence of Lysobacter species. GenBank was used to collect genes encoding 16S rRNA from Lysobacter species. Once aligned with Clustal X, the alignment profile was used to construct the best phylogenetic tree by applying the following tests: Kimura's two-parameter model and the neighbour-joining method implemented in the MEGA7 program. Bootstrap values higher than 70 are shown at the branch points. Pseudomonas aeruginosa ATCC 10145T was used as the outgroup sequence. Experiments were carried out twice.
and Im 2016). The name of the Lysobacter genus is inspired by its lytic activity against algae, bacteria, fungi, nematodes and oomycetes (Reichenbach 2006 ). This activity is also the basis of the micropredatory behaviour conserved in Lysobacter spp. (Seccareccia et al. 2015) . The ability to prey on micro-organisms and release secondary metabolites with antibiotic activity makes the genus Lysobacter a source of biocontrol agents against phytopathogenic micro-organisms (Hayward et al. 2010) . However, given the recent establishment of the genus Lysobacter (%40 years), knowledge of its biology and characterization of its biocontrol traits are still poor, as compared to the well-studied Bacillus and Pseudomonas. This review reports how genomic and postgenomic studies have helped to enrich our knowledge of the ecology of Lysobacter members and their potential use as biocontrol agents of plant pathogens.
Ecology and habitats colonized by Lysobacter spp.
The type strains of the first Lysobacter species were isolated from soil (L. antibioticus, L. enzymogenes and L. gummosus) and freshwater (L. brunsescens) samples collected in Canada (Christensen and Cook 1978) . The use of molecular techniques has extended our knowledge of the range of the habitats colonized by Lysobacter members, including extreme environments (Yang et al. 2016) , micro-organisms and the organs of organisms (Roesti et al. 2005; Vivero et al. 2016) . Studies dealing with the characterization of microbial communities have clearly confirmed that the Lysobacter spp. are common inhabitants of agricultural soils and plant tissues. For instance, Lysobacter 16S rRNA gene sequences were dominant in the rhizosphere of several crop plants (Garc ıa-Salamanca et al. 2013; Qin et al. 2016) . However, Lysobacter spp. can colonize plant tissues other than roots, as in the case of L. gummosus L101, which was able to survive as an endophyte in Styrian oil pumpkin plants, contributing to the effective control of powdery mildew caused by the fungus Sphaerotheca fuliginea (F€ urnkranz et al. 2012) . Moreover, Lysobacter represented a dominant taxon in the seed microbiome of 14 Styrian oil pumpkin genotypes (Adam et al. 2016) . As regards soil, high levels of Lysobacter spp. 16S rRNA gene sequences were recently found in potato soils in Colorado and the higher content of Lysobacter spp. corresponded to a decrease in the presence of important potato-pathogenic nematodes (Castillo et al. 2017) .
Before the establishment of the genus, bacterial isolates resembling Lysobacter were commonly isolated from soils with high pH values, ranging from 6 to 8Á8 (Reichenbach 2006) . Postma et al. (2011) later showed that the abundance of Lysobacter spp. in soils positively correlated with pH and clay content. The abundance of Lysobacter members in agricultural soils is also increased by the presence of biomacromolecules (Postma and Schilder 2015; Tardy et al. 2015) , since Lysobacter spp. are actively involved in the degradation of complex compounds in soil (Lueders et al. 2006) .
Suppressive soils and biological control of plant diseases
Several studies investigating how soil microbiome composition may influence the occurrence of plant diseases have shown that there is a correlation between the abundance of Lysobacter spp. and soil suppressiveness. For instance, a clear positive correlation between the abundance of Lysobacter 16S rRNA gene sequences and naturally occurring suppression of potato common scab caused by Streptomyces spp. was observed in the field (Rosenzweig et al. 2012) .
The involvement of Lysobacter spp. in disease suppressiveness against Rhizoctonia solani has been extensively studied in the Netherlands. Multiple regression analysis of bacterial strains present in soils deriving from 10 organic farms from different locations showed that antagonistic bacterial strains belonging to L. antibioticus and L. gummosus may be involved in the control of R. solani in clay soils (Postma et al. 2008) . Further studies revealed that members of L. capsici species were also present at significantly high levels in Rhizoctonia-suppressive clay soils (Postma et al. 2010a) . This was also confirmed by quantitative TaqMan PCR detection, which revealed a larger Lysobacter spp. population in suppressive than in conducive soil (Postma et al. 2010a,b) . On the other hand, studies focusing on the involvement of Lysobacter spp. in the control of R. solani in suppressive soils showed that Lysobacter strains were not able to control R. solani when applied to sterilized soils, demonstrating that Lysobacter spp. are not the only factor responsible for soil suppressiveness (G omez Exp osito et al. 2015; Postma and Schilder 2015) .
The presence of Lysobacter members in suppressive soils has encouraged studies of the characterization of Lysobacter strains as biocontrol agents of phytopathogenic bacteria, fungi, nematodes and oomycetes (Table 1) . Moreover, two L. antibioticus strains also controlled the phytopathogenic protist Plasmodiophora brassicae, the causal agent of clubroot of crucifers (Table 1 ; Zhou et al. 2014a) .
As regards oomycetes, phytopathogenic Phytophthora spp. and Pythium spp. were effectively controlled by members of the L. capsici and L. enzymogenes species (Nakayama et al. 1999; Folman et al. 2004; Ko et al. 2009; Puopolo et al. 2014a) . Lysobacter sp. SB-K88, which should be considered an L. capsici strain (Fig. 1) , effectively controlled the soilborne phytopathogenic oomycete Aphanomyces cochlioides (Nakayama et al. 1999; Islam et al. 2005) . Moreover, L. capsici AZ78 efficiently controlled Plasmopara (Pl.) viticola on the grapevine in greenhouse conditions (Table 1 ; Puopolo et al. 2014b) , and recently an initial formulation prototype was designed for its application in vineyards for the control of this pathogen (Segarra et al. 2015 (Segarra et al. , 2016 .
Lysobacter capsici members control also phytopathogenic fungi and nematodes, as in the case of L. capsci PG4 and L. capsici YS1215 which were able to control Fusarium oxysporum f. sp. radicis-lycopersici and Meloidogyne incognita respectively (Table 1; Puopolo et al. 2010; Lee et al. 2013 Lee et al. , 2014 .
Lysobacter enzymogenes C3 was evaluated against several phytopathogenic fungi in both controlled and field conditions (Table 1) and it was effective in controlling Bipolaris sorokiniana, Fusarium graminearum, Magnaporthe poae, R. solani and Uromyces appendiculatus (Giesler and Yuen 1998; Zhang and Yuen 1999; Yuen et al. 2001; Jochum et al. 2006) . Furthermore, L. enzymogenes C3 represents the only case of a biocontrol Lysobacter strain able to control phytopathogenic micro-organisms by triggering resistance Yuen et al. (2001) mechanisms in plants ( Yuen 2003, 2004) . Besides fungi, L. enzymogenes C3 was also able to control phytopathogenic nematodes such as M. javanica (Chen et al. 2006) . Compared to the previous plant pathogens, little interest has been shown in evaluating biocontrol Lysobacter strains to control phytopathogenic bacteria. The only exception is represented by L. antibioticus 13-1, which effectively controlled Xanthomonas oryzae pv. oryzae, the causal agent of bacterial leaf blight of rice, in three field trials (Table 1 ; Ji et al. 2008) .
Involvement of lytic enzymes in the biological control of phytopathogenic micro-organisms
Lysobacter members are characterized by their ability to degrade chitin, glucans and proteins, which are the main components of the phytopathogenic (micro-)organism cell walls (Table 2 ).
The role of chitinase production in the biocontrol mechanism of Lysobacter members was first investigated by Zhang and Yuen (2000) . These authors proved that chitinolytic activity is one of the mechanisms involved in the biological control of B. sorokiniana by L. enzymogenes, in both in vitro and in vivo experiments (Zhang and Yuen 2000) . The chitinolytic fractions of L. enzymogenes C3 caused conidial deformation and abnormal germ tube formation in fungi, and two specific proteins of 32 and 48 kDa were identified (Zhang et al. 2001) . Besides the biocontrol of phytopathogenic fungi, the activity of a chitinase secreted by L. capsici YS1215 was evaluated against nematodes. The results showed that the purified enzyme degraded the chitin layer of the eggshells and affected second-stage juveniles in M. incognita (Table 2 ; Lee et al. 2014) .
The L. enzymogenes C3 and N4-7 strains produced three extracellular b-1,3-glucanases encoded by the gluA, gluB and gluC genes (Palumbo et al. 2003 . The purification and subsequent characterization of the three enzymes revealed that the hydrolysing activity is optimal at pH 4Á5-5Á0, corresponding to the acid environment of fungal hyphae (Palumbo et al. 2003) . The antagonism activity of L. enzymogenes C3 against Pythium dampingoff of sugar beet and Bipolaris leaf spot of tall fescue was negatively affected when the three related genes were knocked out, confirming that the total b-1,3-glucanase activity of L. enzymogenes C3 cells depended only on the three identified genes (Table 2 ; Palumbo et al. 2005) .
Proteolytic activity is one of the characteristics shared by Lysobacter members that has received most attention, because of its possible application to research and industrial processes (G€ okc ßen et al. 2014). As regards the control of phytopathogenic micro-organisms, these enzymes may be exploited for the control of phytopathogenic bacteria such as Erwinia carotovora (Vasilyeva et al. 2014) , and nematodes such as a nematicidal enzyme belonging to the group of metallopeptidases produced by L. capsici YS1215, which is active against the second-stage juveniles of M. incognita (Table 2 ; Lee et al. 2013) .
Biosynthesis of secondary metabolites with toxic activity against phytopathogenic micro-organisms Lysobacter members can be a valuable resource for the identification of bioactive secondary metabolites. Interestingly, Lysobacter sp. were shown to be common inhabitants in red soils from geographically separate areas of Jordan historically used to treat skin infections (Falkinham et al. 2009 ). Some of the antibiotics produced by Lysobacter spp. have been developed as pharmaceuticals, such as Unitrop â , a copper chelate of 1-hydroxy-6-methoxyphenazine 5,10-dioxide (myxin) produced by L. antibioticus UASM 3C (Reichenbach 2006) . Some cyclic lipodepsipeptides are in the clinical development phase, such as WAP-8294A2 produced by L. enzymogenes OH11, which is active against methicillin-resistant Staphylococcus aureus (Zhang et al. 2011) . Antibiotics produced by Lysobacter spp. have been extensively reviewed by Xie et al. (2012) , so in this review we will focus only on bioactive secondary metabolites toxic against phytopathogenic micro-organisms (Table 2) . Of the antibiotics produced by biocontrol Lysobacter strains, nonribosomal peptide antibiotics belonging to the polycyclic tetramate macrolactam (PTM) family have been the most extensively studied. Lysobacter capsici SB-K88 produced three PTMs identified as xanthobaccins A, B and C (Table 2) , involved in the suppression of damping-off disease of sugar beet (Nakayama et al. 1999) . Xanthobaccin A is characterized by a lytic effect on Peronosporomycetes zoospores (Islam et al. 2005) . A combined effect of xanthobaccins and lytic enzymes released by L. capsici SB-K88 may be responsible for changes in the ultrastructure and organization of the cytoskeletal filamentous actin network in hyphae and zoospores of A. cochlioides, similarly to latrunculin B, an inhibitor of actin polymerization (Islam 2008) .
Heat-stable antifungal factor (HSAF ; Table 2 ), a PTM produced by L. enzymogenes C3 and identified as dihydromaltophilin (Yu et al. 2007) , interfered with the biosynthesis of sphingolipids in Aspergillus nidulans by blocking ceramide synthase specific to filamentous fungi, with the final effect of stopping of hyphal tip elongation (Li et al. 2006) . Another potential mode of action of HSAF was elucidated recently. Application of HSAF to Candida albicans clearly showed that HSAF induces apoptosis in the yeast by triggering reactive oxygen species production and binding to the b-tubulin of C. albicans, which indicates that the induction of apoptotic processes could be another mode of action of PTMs (Ding et al. 2016) .
HSAF purified from L. enzymogenes C3 inhibited the germination of B. sorokiniana conidia and reduced the hyphal growth of F. graminearum and F. verticillioides (Table 2 ; Yu et al. 2007) . In experiments on plants, mutant derivatives of L. enzymogenes C3 unable to release HSAF were less effective in reducing disease incidence and severity of Bipolaris leaf spot on tall fescue (Li et al. 2008) . Polycyclic tetramate lactams are also produced by other members of the L. enzymogenes species, such as L. enzymogenes OH11, which is able to produce HSAF (Lou et al. 2011) .
Lysobacter spp. produce other bioactive compounds different from nonribosomal peptide antibiotics, such as 4-hydroxyphenylacetic acid, released by L. antibioticus HS124 (Ko et al. 2009 ) and cyclo(L-Pro-L-Tyr), a proline derivative of the 2,5-diketopiperazine family, produced by L. capsici AZ78 (Table 2 ; Cimmino et al. 2014) . The first compound exhibited destructive activity towards P. capsici hyphae (Ko et al. 2009 ), whereas cyclo(L-Pro-L-Tyr) displayed toxic activity against Phytophthora infestans and Pl. viticola sporangia and its application to tomato leaves prevented the occurrence of late blight lesions caused by P. infestans (Puopolo et al. 2014a) .
Lysobacter spp. can emit volatile organic compounds (VOCs) with toxic effects against phytopathogenic microorganisms (Table 2) . Indeed, when grown on a proteinrich growth medium, the L. antibioticus, L. capsici, L. enzymogenes and L. gummosus type strains released a bouquet of VOCs that were toxic to P. infestans (Lazazzara et al. 2017) . This toxicity was related to the presence of specific VOCs, such as 2,5-dimethyl pyrazine, 2-methoxy-3-methyl pyrazine, decanal and pyrrole, which all reduced P. infestans mycelium growth by more than 90% (Lazazzara et al. 2017) .
Genome sequencing and comparative genomics
In the last 4 years, the genomes of 10 biocontrol Lysobacter strains have been sequenced (Table 3 ). The size of the sequenced genomes ranged from the 5Á14 Mb of L. antibioticus HS124 to the 6Á39 of L. capsici 55. The genome of the latter strain also contained the highest number of coding DNA sequences (5685), while the genome of L. antibioticus 13-6 contained the lowest (4521; Table 3 ).
Genomes of strains belonging to different Lysobacter spp. have been compared in the last few years and have showed the conservation of orthologues among species. A high number of orthologues (2891) is shared by the complete genomes of bacterial strains with biocontrol activities belonging to the L. antibioticus, L. capsici, L. enyzmogenes and L. gummosus species . Comparison of the genomes of the biocontrol agent L. capsici AZ78, the plant pathogen X. campestris pv. campestris ATCC 33913 and the human pathogen S. malthophilia K729a revealed a core-genome of 2910 orthologues and the absence of any gene whose products are associated with infection in humans and plants in L. capsici AZ78. In contrast, the L. capsici AZ78 genome has a higher content of genes involved in the interaction with other micro-organisms and the environment compared with S. malthophilia K729a and X. campestris pv. campestris ATCC 33913 .
Understanding how biocontrol Lysobacter strains interact with the environment and other microorganisms through genome mining and transcriptomic analysis
Information deriving from the sequencing of genomes has helped to unravel several molecular mechanisms characterizing the interaction of Lysobacter sp. strains with other micro-organisms and the environment. Protection of Lysobacter sp. cells from UV and visible light can be mediated by the presence of genes involved in the biosynthesis of pigments. The L. antibioticus 13-6 genome contains a cluster of genes deputed to the production of betalain pigments (Zhou et al. 2014b) , whereas the L. capsici AZ78 ) genome encompasses genes involved in the biosynthesis of xanthomonadin-like pigments sharing homology with genes first identified in L. enzymogenes OH11 . In this bacterial strain, the knockout mutant in kas I, encoding a 3-ketoacyl-acyl carrier protein synthase I, was unable to produce xanthomonadin-like aryl polyene metabolites, and as a consequence, it was more sensitive to UV and visible light radiation than the wild-type strain . Mining of the Lysobacter spp. genomes confirmed that these bacteria have an impressive lytic weaponry that allows them to attack and degrade biomacromolecules present in the soil and the cell wall of phytopathogenic (micro)organisms. Lysobacter spp. sequenced genomes indeed encompass several genes encoding chitinases such as chiA, belonging to glycosyl hydrolase family 18, which includes most of the chitinases produced by bacteria Puopolo et al. 2016) . Moreover, the L. capsici AZ78 genome also has the chiB gene, encoding a chitinase belonging to glycosyl hydrolase family 19, which includes chitinases produced mainly by Actinomycetes and plants . Mining of Lysobacter genomes also confirmed the ability of these bacteria to produce enzymes with proteolytic activity. Indeed, the sequenced genomes revealed the presence of a large number of genes encoding a-lytic proteases, blytic proteases, endopeptidases and metalloendopeptidases Puopolo et al. 2016) . Interestingly, analysis of the L. capsici AZ78 genome highlighted the presence of a 40 829-bp genome region containing 15 genes encoding bacterial leucyl aminopeptidases, extracellular proteases and extracellular zinc proteases .
Genome sequencing and mining also has helped to elucidate the molecular mechanisms involved in Lysobacter cell motility. Most Lysobacter species have been reported as nonmotile cells lacking flagella (Christensen and Cook 1978; Siddiqi and Im 2016) . Nonmotility and the absence of flagella was recently confirmed in the genomes of L. antibioticus strains, whereas genes encoding components of the flagellum apparatus were retrieved in the genomes of bacterial strains belonging to L. capsici, L. enzymogenes and L. gummosus Tomada et al. 2016) . However, biosynthesis of the flagellum in these strains is nonfunctional due to the lack of genes encoding essential flagellar components , such as the flagellar filament encoded by fliC, which is missing in the L. capsici AZ78 genome . Gliding motility is a characteristic shared by Lysobacter species, however, genes directly involved in this type of motility are not present in most of the sequenced Lysobacter genomes. In contrast, the presence of genes deputed to the biogenesis of type IV pili, external cell appendages involved in gliding and twitching motility, are commonly present in most of the Lysobacter sequenced genomes Tomada et al. 2016) .
Transcriptomic analysis confirmed the involvement of type IV pili in the motility of L. capsici strains on a jellified agar medium ) and the twitching motility of L. enzymogenes cells at the margin of colonies (Wang et al. 2014; Zhou et al. 2015) . The availability of sequenced genomes also allowed the identification of genes that regulate motility in L. enzymogenes strains. In L. enzymogenes OH11, the twitching motility of cells at the margin of colonies is positively controlled by ChpA, a hybrid two-component system, through phosphorylation of the response regulator PilG (Zhou et al. 2017) .
Similarly, genome sequencing and transcriptomic analysis have contributed considerably to increasing knowledge of the molecular pathways responsible for the production of antibiotics and, more specifically, the biosynthesis of HSAF in L. enzymogenes strains. The genetic locus responsible for the biosynthesis of HSAF was first described in L. enzymogenes C3 (Yu et al. 2007) and it contains genes respectively encoding a hybrid polyketide synthase-nonribosomal peptide synthetase (PKS-NRPS), a sterol desaturase, a ferredoxin reductase and an arginase. Creation of mutant derivatives in each gene revealed that functional PKS-NRPS is essential for the production of HSAF, whereas other genes are necessary for the production of precursors or shunt products of HSAF (Yu et al. 2007 ). Mining of sequenced Lysobacter genomes also revealed the presence of homologues of the gene cluster deputed to HSAF production in other biocontrol L. capsici, L. enzymogenes and L. gummosus strains (Lou et al. 2011; de Bruijn et al. 2015; Puopolo et al. 2016) . In addition, mining of Lysobacter sequenced genomes also highlighted the presence of other gene clusters containing PKSs and NRPSs potentially involved in the biosynthesis of still unidentified bioactive secondary metabolites Puopolo et al. 2016; ) .
The regulatory networks in Lysobacter enzymogenes
Recent genome and transcriptomic analysis has unravelled the regulatory pathways governing the biosynthesis of HSAF in Lysobacter spp. strains. Analysis of the L. antibioticus, L. capsici, L. enzymogenes and L. gummosus genomes revealed high conservation of the clp gene, encoding a cyclic adenosine monophosphate receptor-like protein, indicating that this global regulator may play a fundamental role in the physiology of these Lysobacter species . The active role of Clp in HSAF biosynthesis, first determined in L. enzymogenes C3 , was confirmed in L. enzymogenes OH11, where Clp regulates the transcription of 775 genes, including genes involved in the biosynthesis of HSAF and twitching motility (Wang et al. 2014) . A relationship between HSAF biosynthesis and twitching motility also emerged in L. enzymogenes C3, where the response regulator PilG involved in type IV pilus biogenesis negatively regulated the transcription of the gene pks/nrps responsible for HSAF biosynthesis (Zhou et al. 2015) . Another negative regulator of HSAF production is LetR, a transcriptional factor belonging to the TetR family, characterized in L. enzymogenes OH11. This transcriptional factor binds to a 150-bp region located upstream of the pks/nrps gene, representing the potential promoter of the pks/nrps gene .
Analysis of L. enzymogenes OH11 genome has also contributed to clarifying the involvement of bacterial cellto-cell signalling systems (quorum sensing), in the regulation of HSAF biosynthesis. The quorum-sensing system based on the activity of proteins belonging to the LuxI and LuxR families is partially conserved in L. enzymogenes OH11 . Indeed, the L. enzymogenes OH11 genome lacks luxI homologues and is therefore unable to produce N-acyl homoserine lactones (AHLs), whereas it has a luxR homologue named lesR, encoding a response regulator able to bind to DNA regions. The presence of LuxR alone, and the inability to produce AHLs, led to the hypothesis that HSAF biosynthesis in L. enzymogenes may also be modulated by the presence of neighbouring bacteria able to release AHLs. Qian et al. (2014) showed that overexpression of lesR significantly impaired the biosynthesis of HSAF, although a putative lux-box-like element was not found in the promoter of pks/nrps. Follow-up proteomic analysis elucidated how LesR regulates HSAF biosynthesis. Overexpression of lesR in L. enzymogenes OH11 determined the differential modulation of 33 proteins. Among these, overexpression of lesR determined the down-regulation of the gene TBDR7, a TonB-Dependent Receptor involved in nutrient uptake that positively regulated the expression of pks/nrps. Thus, LesR may negatively regulate HSAF biosynthesis by repressing transcription of the gene encoding TBDR7, a positive regulator of pks/nrps transcription .
Besides the quorum-sensing system based on LesR activity, L. enzymogenes OH11 has a further two quorumsensing systems that regulate HSAF biosynthesis. These signalling systems are shared by members of Xanthomonadaceae family and are mediated by the diffusible signal factor (DSF) and the diffusible factor (DF; Qian et al. 2013) . The DF signalling system relies on the signalling molecules 3-hydroxybenzoic acid (3-HBA) and 4-hydroxybenzoic acid (4-HBA), synthesized by a bifunctional chorismatase encoded by lenB2 Su et al. 2017) . The two signalling molecules have a distinct role in the physiology of L. enzymogenes OH11, with 3-HBA involved in the biosynthesis of the xanthomonadinlike pigment ) and 4-HBA directly involved in HSAF biosynthesis through the activity of the regulatory protein LysR Le , belonging to the LysR family (Su et al. 2017) .
Transcriptomic analysis revealed that the DF signalling system regulates the expression of 175 genes of the L. enzymogenes OH11 genome. Of these, the expression of five genes involved in HSAF biosynthesis is also positively regulated by the DSF signalling system . The DSF signalling system depends on perception of the signal molecule 13-methyltetradecanoic acid (named LeDSF3) produced by the acyl-CoA synthetase encoded by rpfB and the bifunctional 3-hydroxyacyl-ACP dehydratase and thioesterase encoded by rpfF Han et al. 2015) . Once the threshold concentration is reached, LeDSF3 binds to the membrane-bound histidine kinase sensor protein encoded by rpfC that phosphorylates the response regulator RpfG. This rpf cluster is not conserved in the Lysobacter genomes, as in the case of the L. capsici 55 genome, which lacks genes encoding RpfC and RrpfF .
Interestingly, the addition of LeDSF3 to the growth medium upregulated the expression of the global regulator clp in a mutant derivative of L. enzymogenes OH11 lacking a functional rpfB (Han et al. 2015) . The possible cross-talk between Clp regulation and the DSF signalling system was further investigated in L. enzymogenes OH11 by comparing the behaviour of a mutant derivative knocked out in both clp and rpf with the behaviour of mutant derivatives knocked out only in clp or rpf . The results showed that production of extracellular lytic enzymes (chitinases and proteases) and twitching motility were controlled by Clp in a DSFindependent manner. In contrast, HSAF biosynthesis is dependent on both functional Clp and RpfF, and Clp is located downstream of the DSF signalling system in the regulatory pathway of HSAF biosynthesis. However, more studies are needed to understand how the DSF signalling system may regulate HSAF biosynthesis through activation of the Clp regulation system .
Conclusion and outlook
From the beginning, the interest in selecting Lysobacter spp. as biocontrol agents of phytopathogenic (micro-) organisms mainly relied on their capacity to release a large number of lytic enzymes and toxic secondary metabolites. Omics technologies have provided evidence for the role of Lysobacter as biocontrol agents by demonstrating a correlation of their significant presence in agricultural soils with disease suppressiveness. Moreover, these technologies have elucidated the mechanisms of action underlying the ability of Lysobacter to control phytopathogenic micro-organisms and provided information on the regulatory mechanisms. Although these recent advances could tempt us to conclude that biocontrol Lysobacter strains are ready for the development of novel biofungicides, more work is still needed to make the application of Lysobacter strains reliable under field conditions. Compared with Bacillus and Pseudomonas, studies of the ecology of Lysobacter spp. are still in their infancy. With a few exceptions Segarra et al. 2015 Segarra et al. , 2016 , little is known about how environmental factors (e.g. rain, temperature, UV-light) may influence the persistence and efficacy of biocontrol Lysobacter strains under field conditions. Likewise, no information has been produced to date on the role played by the availability of soil nutrients and microelements (e.g. Fe, Mg, Zn) in the production of antibiotics and lytic enzymes once populations of biocontrol Lysobacter strains are established in the rhizosphere. Another important issue that needs to be taken into account is the interaction of Lysobacter spp. with plants. For example, it is particularly important to identify the root exudates preferentially metabolized by biocontrol Lysobacter strains and factors (e.g. plant age, plant organs, plant species) that could affect the establishment of biocontrol Lysobacter strains on plants. Moreover, future research should also focus on the ability of Lysobacter spp. to trigger induced resistance in plants ( Yuen 2003, 2004) .
Once applied in the field, biocontrol Lysobacter strains face competition with other micro-organisms and it is therefore of particular interest to assess how Lysobacter biocontrol mechanisms will be affected by the microflora residing on plant organs. Since biocontrol Lysobacter strains produce and perceive signalling molecules involved in quorum sensing systems, it is necessary to understand how other micro-organisms may affect antibiotic production in Lysobacter by providing or sequestering signalling molecules. At the same time, signalling molecules produced by Lysobacter spp. may modulate the behaviour of other plant beneficial micro-organisms contributing to soil suppressiveness (Postma et al. 2008) and improving plant resilience .
In recent years, omics technologies have led to a dramatic advance in understanding the role and possible use of Lysobacter spp. as biocontrol agents. In the near future the availability of sequenced genomes and transcriptomic studies will contribute significantly to clarifying all the above-mentioned points, hopefully providing the information needed for successful use of Lysobacter strains as biocontrol agents under field conditions.
